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Abstract
We theoretically investigate exciton relaxation dynamics in molecular aggregates based on model
photosynthetic complexes under various conditions of incoherent excitation. We show that noise-
induced quantum coherence is generated between spatially-separated exciton states which belong
to the same or different energy transfer pathways, coupled via real and virtual transfer processes.
Such quantum coherence effects may be used to improve light-harvesting efficiency and to reveal
quantum phenomena in biology.
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The existence and manifestations of quantum effects in biology have recently become
subjects of interest and debate after discovery of long-lived quantum coherence in photosyn-
thetic complexes at cryogenic [1] and ambient conditions [2, 3]. However, the mechanism
of photosynthetic energy transfer is not yet fully understood. Furthermore, most of the
previous studies of the light-harvesting processes in natural complexes and artificial devices
were performed using classical formalisms. Recently, quantum coherence was predicted to
improve the power of quantum heat engines such as a quantum photocell beyond the clas-
sical expectations [4–8]. Similarly, quantum effects in general and quantum coherence in
particular may play a role in photosynthetic complexes [9].
Photosynthetic excitons are spatially delocalized electronic excitations [10]. They may
be used to describe light-matter interactions and energy transfer in plants and bacteria.
Various spectroscopic tools have been developed to investigate exciton dynamics. Coher-
ent multidimensional spectroscopy has been particularly useful in revealing the dynamics
of electronic couplings and elucidating the energy transfer pathways [11, 12]. Various exci-
ton transport models were applied [13–15]. However, previous experiments and simulations
of photosynthetic complexes involved short pulse (tens of fs) coherent laser radiation as a
source of quantum coherence [1, 3, 15–17]. Therefore the role of quantum coherence in pho-
tosynthesis remained unclear. Here we investigate the generation of noise-induced quantum
coherence in model light-harvesting complexes based on the Fenna-Matthews-Olson (FMO)
photosynthetic complex from green sulfur bacteria. Two energy transfer pathways, fast and
slow, can be used to generate quantum coherence between spatially-separated exciton states.
The coherence dynamics depends on initial excitation conditions and is affected by coupling
to populations.
Virtual processes play an important role in many physical processes. Starting from the
Lamb shift [18] all further development of quantum electrodynamics was due to the concept
of virtual processes [19, 20]. In the context of the present work a virtual process involves
two consecutive energy transfer processes of emission and reabsorption of phonons on a very
short (and thus virtual) time scale. Before providing the general description of complex
multilevel excitonic systems we first consider a simple example of the manifestation of noise-
induced quantum interference in a three-level system: the Agarwal-Fano coupling [21] for a
simple problem of radiative decay of |a1〉 and |a2〉 levels into the ground state |b〉 with the
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emission of a photon of wave vector k (Fig. 1a). The state vector for the system reads
|ψ〉 = α1(t)|a1, 0〉+ α2(t)|a2, 0〉+
∑
k
βk(t)|b, 1k〉, (1)
where |0〉 and |1k〉 are the vacuum and single photon states respectively. For the probability
amplitudes α1, α2 and βk the Schrödinger equation yields
α˙1(t) = −i
∑
k
g∗1kβke
i(ω1b−νk)t, (2)
α˙2(t) = −i
∑
k
g∗2kβke
i(ω2b−νk)t, (3)
β˙k(t) = −ig1kα1e−i(ω1b−νk)t − ig2kα2e−i(ω2b−νk)t, (4)
where gik (i = 1, 2) is the coupling constant for the |ai, 0〉 → |b, 1k〉 transition, ~ωib = Eai−Eb
is the energy spacing between levels |ai〉 and |b〉, νk is the photon frequency. We proceed
by integrating Eq. (4) and substituting the result into Eqs. (2) and (3). Following the
Weisskopf-Wigner approach [23] we find
α˙1 = −γ12 α1 − p12
√
γ1γ2
2 α2, (5)
α˙2 = −γ22 α2 − p12
√
γ1γ2
2 α1, (6)
where γi is the radiative decay rate of the level |ai〉 and p12 = (P1bP2b)/(|P1b|·|P2b|) is a dipole
alignment factor that characterizes the interference strength (−1 ≤ p ≤ 1). Furthermore,
Eqs. (5) - (6) are equivalent to the following density matrix equations
ρ˙11 = −γ1ρ11 − 12p12
√
γ1γ2(ρ12 + ρ21), (7)
ρ˙22 = −γ2ρ22 − 12p12
√
γ1γ2(ρ12 + ρ21), (8)
ρ˙12 = −12(γ1 + γ2)ρ12 −
1
2p12
√
γ1γ2(ρ11 + ρ22), (9)
where ρii and ρij (i 6= j) represent the diagonal (populations) and off-diagonal (coherences)
matrix elements, respectively.
The expressions (7) - (9) apply to the simple case of degenerate levels, i.e. ω1b = ω2b and
real matrix elements (gik = g∗ik). Physically the interference terms, p12
√
γ1γ2, are the results
of the virtual emission and reabsorption of radiation such as |a1, 0〉 → |b, 1k〉 → |a2, 0〉 etc.
In the following we consider a more complicated model system based on the noise-induced
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coherence associated with the FMO complex, which requires a more detailed density matrix
analysis and a generalization of the simple three-level model outlined above.
We consider an eight-level model system with a ground state and seven single-exciton
states which correspond to the excited states of the photosynthetic FMO complex from the
green sulfur bacteria Chlorobium tepidum. The energy eigenvalues and transfer rates were
taken from previous studies [16, 17]. The FMO complex consists of eight Bacteriochlorophyll
a (BChl a) molecules, seven of which form seven exciton states which take part in the energy
transfer. These seven BChl a molecules are shown in Fig. 1c with the corresponding numbers
at the molecule centers. The exciton states are indicated by numbers outside of the molecules
and their spatial delocalization is highlighted by shaded areas. This complex has previously
been extensively investigated and two main energy transfer pathways were identified (shown
by solid arrows in Fig. 1d) [16, 17]. These fast and slow pathways (solid blue and red arrows,
respectively) are spatially separated and involve different sequences of exciton states. As was
shown in [22] if two states decay to an identical continuum (or another state) the quantum
coherence is generated. For instance, Fig. 1d shows that states 3, 4 and 5 decay to state
2. State 3 belongs to the slow, and states 4 and 5 belong the fast energy transfer pathways,
respectively. Therefore, the two pathways are coupled via virtual processes, generating the
quantum coherences which are described by the off-diagonal density matrix elements ρ34,
ρ35 and ρ45. Note that the simple toy-model as per Fig. 1d shows only the main transfer
channels. In real physical systems, interference can occur in other transitions with smaller
transfer rates as well.
Evolution of the density matrix elements of the 8-level FMO complex in the Weisskopf-
Wigner approximation yields
ρ˙11 = −Tg1 + T12, ρ˙66 = −Tg6 − T56, ρ˙77 = −Tg7 − T37, ρgg = 1−
∑
i
ρii, (10)
ρ˙22 = −Tg2− T12 + T23 + T24 + T25 + p34(C34 +C43) + p35(C35 +C53) + p45(C45 +C54), (11)
ρ˙33 = −Tg3 − T23 + T37 − p34C43 − p35C53, (12)
ρ˙44 = −Tg4 − T24 + T45 − p34C34 − p45C54, (13)
ρ˙55 = −Tg5 − T25 − T45 + T56 − p35C35 − p45C45, (14)
ρ˙34 = −Γ34ρ34 − p34R34 − p35J53ρ54 − p45J54ρ35, (15)
ρ˙35 = −Γ35ρ35 − p35R35 − p45J45ρ34 − p34J43ρ45, (16)
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ρ˙45 = −Γ45ρ45 − p45R45 − p34J34ρ35 − p35J35ρ43, (17)
where the functions Tα,β ≡ −γαβ(nαβ + 1)ραα + γαβnαβρββ describe the processes of sponta-
neous and stimulated emission and absorption |α〉 ↔ |β〉 of a solar photon (from the ground
state α = g to the excited state β = j with j = 1, .., 7) with energy ∆gj = Ej −Eg and with
the average solar photon number njg = 1/[exp(∆jg/kBTS)− 1] where TS is the temperature
of the sun. Similarly for α = i and β = j where i, j = 1, ..., 7 it describes spontaneous
and stimulated emission and absorption of a thermal phonon with energy ∆ij = Ei − Ej
and with the average phonon number nij = 1/[exp(∆ij/kBTa)− 1], where Ta is the ambient
surrounding temperature. The interference terms Cij in Eqs. (10)-(15) couple coherences
to populations manifesting a quantum interference between the transitions i → 2 → j
due to spontaneous and stimulated emission and reabsorption of virtual thermal phonons
Cij = (1/2)γ˜(i)ij (n2i + 1)(ρij + ρji). The interference terms Rij in Eqs. (15)-(17) couple
populations to coherences and are given by Rij = (1/2)γ˜(i)ij [(n2i + 1)(ρii + ρjj)− n2iρ22] plus
a similar term with i ↔ j. The interference terms Jij couple coherences between differ-
ent transitions Jij = (1/2)γ˜(i)ij (n2i + 1). The decay matrix elements for the coherences ρ34,
ρ35 and ρ45 are given by Γ34 =
∑
l γ3l(n3l + 1) +
∑
m γm4(nm4 + 1) + i∆34 + 1/T2 where
l = g, 2, 7, m = g, 2, 5; Γ35 =
∑
l′ γ3l′(n3l′ + 1) +
∑
m′ γm′5(nm′5 + 1) + i∆35 + 1/T2 where
l′ = g, 2, 7, m′ = g, 2, 4, 6; and Γ45 =
∑
l′′ γ4l′′(n4l′′ + 1) +
∑
m′′ γm′′5(nm′′5 + 1) + i∆45 + 1/T2
where l′′ = g, 2, 5, m = g, 2, 4, 6 and T2 is the environmental decoherence lifetime. In
the analysis above γαβ = (2V/cpi)k2αβg2αβ(kαβ) are the spontaneous decay rates for the
α → β transitions with wavevectors kαβ corresponding to the excitonic chromophore cou-
plings gαβ(kαβ) =
√
~ν(kαβ)/0V with the volume of exciton V . The decay cross terms
due to the noise-induced interference between the i → 2 → j processes are determined by
γ˜
(δ)
αβ = (2V/cpi)k22δ|g2α(k2δ)||g2β(k2δ)|, where δ = α, β. The dipole alignment factors are given
by pαβ = (P2αP2β)/(|P2α| · |P2β|). Furthermore, we neglect all interference processes due to
emission and reabsorption of thermal photons (phonons) for the transitions i→ g → j due
to the slow decay rates i → g compared to i → j (γig  γij with i, j = 1, ...., 7). We also
neglect interference due to the stimulated absorption and emission of a virtual photon in
the 4→ 5→ 2 transition, since E5 − E4 >> E5 − E2 (based on a Λ-scheme in Fig. 1b).
The decoherence terms 1/T2 in the evolution of the coherences are added phenomenolog-
ically with a lower bound of the dephasing rate in the Gaussian approximation at ambient
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temperature Ta = 77 K as [25]
T2 = 1/
√
2λkBTa ≈ 60fs, (18)
where λ = 80 cm−1 is the reorganization energy. We use the solar temperature TS = 0.5
eV, the ambient temperature Ta = 0.0067eV (77 K), and the previously reported structural
and dynamical parameters summarized in Table I [16, 17].
Table I. Decay rates γij and transition dipole alignment factors pij for the transitions in the two
energy transfer pathways in Fig. 1d and for the noise-induced quantum coherences between levels
3, 4, and 5 which are highlighted in Fig. 1c.
We consider exciton dynamics in FMO for different initial incoherent excitation condi-
tions which correspond to different physical processes. First we show how populations and
coherences are generated and evolve with time during the energy transfer. FMO complexes
are located between large chlorosome antennas and reaction centers and mediate energy
transfer [26]. The two energy transfer pathways , fast and slow, shown in Fig. 1, start from
the higher energy exciton states |6〉 and |7〉, respectively. They are localized on different
molecules as shown in Figs. 2a and 2f. These states can be populated by energy transfer
from the chlorosomes and, thus, are natural initial conditions. Then we monitor the dy-
namics of populations and coherences during the fast and slow energy transfer pathways,
separately (Fig. 2).
Figs. 2a - 2e show simulations for fast pathway as reported earlier [27] when energy is
injected into state |6〉 with ρ66(0) = 1. The dynamics reveal short coherence lifetimes even
in the absence of a laser field (∼ 1ps). This corresponds to a rapid decay of the population
from this state and redistribution of the populations due to a thermal equilibrium with
a consequent decay to the ground state. Figs. 2f - 2j reveal slower dynamics (∼ 7 ps,
ρ77(0) = 1).
Finally we investigate the coherence generated directly in the isolated FMO complexes
by incoherent sunlight. Initially only the ground state is populated since all excited states
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are far above the ground state. Our simulations show that the coherence is building up on
a time scale of a few picoseconds and reaches a steady state (Fig. 3). There is no further
decay of the coherence even in the presence of dephasing.
It is worth noting that the coherence is induced between spatially separated nonover-
lapping states which are delocalized over different molecules. Furthermore, ρ34 and ρ35
involve coherence between the states that belong to two different energy transfer pathways.
Both pathways contribute to this coherence even if initially a state of a single pathway is
populated. The predicted quantum coherences represent a truly quantum mechanical effect
similarly to a double-slit interference involving two pathways of energy transfer which couple
spatially separated molecules via virtual processes.
The noise-induced coherence between different exciton states couples spatially separated
molecules leading to oscillatory dynamics of populations in the molecular site basis as shown
in Fig. 4. The coherence leads to temporal oscillations of molecules labeled 1, 2, 4 and 5
and highlighted in Fig. 4a. The dynamics with and without coherence are shown in Figs.
4b and 4c, respectively. No oscillations are observed without the action of virtual processes.
Noise-induced coherence couples the two energy transfer pathways. The coupling between
other molecules is weak due to structural arrangement of dipole moments and no oscillations
were observed.
Our protocol may be applied to larger photosynthetic complexes where more complicated
coherence dynamics may be induced due to a larger number of states. Noise-induced coher-
ence has previously been observed in non-biological systems. Observation of similar effects
in photosynthetic complexes may require developing new nonlinear optical spectroscopic
techniques which can disentangle congested spectral lines, for example, using optimal laser
pulse polarization configurations [28] and laser pulse shaping [29].
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Figure 1. (a) Three-level V-scheme model of two nearly degenerate exciton states |a1〉 and |a2〉 with
noise-induced coherence (green dashed arrow) due to emission and reabsorption processes (solid
red arrows). (b) Similar three-level Λ-scheme. (c) The structural arrangement of chromophores in
the FMO complex and (d) the corresponding energy level scheme. The chromophores are labeled
1 through 7 in the molecular centers. Two energy transfer pathways are shown by arrows in (d)
(solid blue and red arrows). Coherences between spatially separated states from different pathways
are generated by the emission and reabsorption of virtual phonons (green dashed lines in (d)). The
delocalized exciton states 3, 4 and 5 which participate in these virtual processes are highlighted in
(c). ((d) is adapted from Brixner et al. [16] and (c) is generated using [24].)
10
6 
7 
  
!55
!66
!44
!11
!22
0.5 1.0 1.5 2.0 2.5 3.0 t￿ps￿0.20.4
0.6
0.8
1.0
Ρjj
0.5 1.0 1.5 2.0 2.5 3.0 t￿ps￿
￿0.0010
￿0.0005
0.0005
0.0010
Ρ34
0.5 1.0 1.5 2.0 2.5 3.0 t￿ps￿
￿0.0001
0.0001
0.0002
Ρ35
0.5 1.0 1.5 2.0 2.5 3.0 t￿ps￿
￿0.020
￿0.015
￿0.010
￿0.005
0.005
0.010
Ρ45
  
!77
!33
!11
!22
2 4 6 8 10 t￿ps￿0.20.4
0.6
0.8
1.0
Ρjj
2 4 6 8 10 t￿ps￿
￿0.015
￿0.010
￿0.005
0.005
0.010
0.015
Ρ34
2 4 6 8 10 t￿ps￿
￿0.0004
￿0.0002
0.0002
0.0004
Ρ35
2 4 6 8 10 t￿ps￿
￿0.0002
￿0.0001
0.0001
0.0002
Ρ45
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
(j) 
Fast Slow 
Figure 2. Dynamics of exciton populations and coherences for the two energy transfer pathways.
The initial excitation conditions for the fast (a) and slow (f) pathways are realized by populating
excitons |6〉 and |7〉, respectively (ρ66(0) = 1 and ρ77(0) = 1.). The corresponding temporal
evolutions of other states ρjj are shown in (b) and (g). The coherences between states from the
same (ρ45) and from different pathways (ρ34 and ρ35) are shown in (c)-(e) and (h)-(j).
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Figure 3. (a) Direct excitation of all exciton states in FMO by the incoherent light from the sun.
(b) Dynamics of the populations of the excited states ρjj . (c)-(e) Dynamics of the coherences for
the initially populated ground state |g〉, ρgg(0) = 1.
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Figure 4. (a) The structural arrangement of chromophore "sites" numbered 1 through 7 in the
FMO complex and the dynamics of the site 1, 2, 4 and 5 populations with (b) and without (c) the
noise-induced coherence. Populations are normalized by a factor 1.7j .
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